Abstract. This paper considers main features of the formation of Al--Cu--Fe and Al--Cr--Fe coatings with complex crystalline structures using high-rate electron beam physical vapour deposition (EBPVD). It is shown that the deposition of the coatings at substrate temperatures below approximately 570 K leads to the formation of nanostructured quasicrystalline or approximant phases. Mechanical behaviour at static and dynamic loadings of the coatings was investigated. It is established that the decreasing of the grain size in the materials to nanoscale values results in significant enhancement of their damping capacity (a mechanical energy dissipation in the materials) at alternate strains. Possibilities of the use of materials based on quasicrystalline and/or approximant phases as hard and high damping coatings for the prevention of early destruction of gas turbine blades are discussed.
Introduction
Many of materials with quasicrystalline (QC) and approximant structures are characterized by a combination of such properties, as high hardness, low friction, low surface energy, good corrosion resistance, low thermal conductivity, and thermal expansion comparable with that of the metals [1] . These properties make the materials useful as functional coatings (wear resistant coatings [2] , coatings for anti-friction and anti-fretting applications [3, 4] , etc.).
It is known also that microstructural characteristics of quasicrystalline materials (QCs) affect essentially their mechanical properties [5] [6] [7] . The effect manifests itself in a nonmonotonic dependence of microhardness on the grain size [5] as well as in the change of an extent of hardening stage in the stress-strain curves at the decreasing of the grain size in QCs [6] . Moreover, it has been theoretically predicted [7] that the decreasing of the grain size in QCs may result in facilitation of processes of both motion and multiplication of dislocations as well as in an exit of the dislocations and phason defects to the grain boundaries.
Such processes can facilitate microplastic flow and enhance essentially damping capacity (i.e., a capability of material to dissipate mechanical energy at cyclic strain) of QCs with nanometer-sized grains [8] .
In this paper we report on investigations of necessary parameters of electron beam physical vapour deposition (EBPVD) for the formation of QC or approximant structures with nanometer-sized grains. By the example of Al--Cu--Fe and Al--Cr--Fe systems containing QC and approximant phases, respectively, an effect of substrate temperature on both phase composition and microstructure characteristics of deposited coatings was studied. An influence of microstructure characteristics of coatings with QC and approximant structures on their mechanical properties was explored also.
Experimental procedure
Coatings Al--Cr--Fe and Al--Cu--Fe of thickness in a range 65 . . . 110 microns were deposited on titanium substrates using a single Rod-Fed Electron-Beam source [6] in the vacuum evaporation process. The ingot of the initial alloy of 50 mm diameter and 200 mm length was placed in a copper water-cooled crucible and the above alloy was added to the melt at a constant rate. 15 .
The coating compositions were determined by X-ray fluorescent analysis in an X Unique II unit. The distribution of chemical elements across the coating thickness was measured in an Energy-200 microanalyzer, mounted on the scanning electron microscope CamScan4. Structural investigations were carried out using DRON-4 X-Ray diffractometer with CuK a radiation. TEM investigations were conducted by using JEM-2000FXII electron microscope operated at 200 kV. Microhardness values of coatings were determined with a microhardness meter Polyvar-met. Damping properties were tested by using a dynamic mechanical analyzer in a temperature range of 290-630 K at strain amplitude range of 10 -4 -10 À3 (Fig. 1 ) [9] . The tested specimens were 1.8 mm thick titanium substrates with QC coatings 0.05-0.07 mm in thickness. Amplitude dependences of logarithmic decrement dðA j Þ for substratecoating system were measured by the free-decay vibrations method using flat cantilever specimens. Amplitude dependencies of logarithmic decrement for the specimens d(A j ) were determined in the frequency range of 135 . . . 145 Hz. The values of logarithmic decrement were calculated from the expression:
where n is the number of cycles between A j and A jþn amplitudes. Values of intrinsic logarithmic decrement for coating material represented as a function of homogeneous strain amplitude were determined through a self-consistent calculation procedure from experimentally measured dependence d exp (A j ) for substrate-coating system [9] . Figure 1 shows X-ray diffraction patterns of Al--Cu--Fe coatings deposited at different substrate temperatures. All diffraction peaks of coatings deposited at temperature above 540 K can be indexed using (N, M) indices for icosahedral structure (Fig. 1) . Broadening of diffraction peaks also can be caused mainly by decreasing of the crystallite size in the coatings. This conclusion is confirmed by the results of TEM investigation presented in Fig. 2 . Statistical analysis of dark field images obtained in reflections of icosahedral phase in deposited coatings indicated that average size of grains in coating deposited at temperatures of 540 K is about 30 nm. However, lowering of substrate temperature leads also to formation of cubic B2 crystalline phase besides the QC one as evidenced by the appearance of weak peaks of the former on XRD pattern of the coating deposited at 540 K. The effect can be caused by different phenomena such as: a shift of homogeneity range of QC phase as temperature decreases, a reduction of diffusion mobility of atoms on the surface, etc.
Results and discussion
Other peculiarity of change of condensate structure is observed in Al--Cr--Fe alloy. Figure 3 shows X-ray diffraction patterns of Al--Cr--Fe coatings deposited at different substrate temperatures. It is seen that heterogeneous coatings containing of approximant monoclinic l-AlCrFe phase and Al, form at substrate temperature of 940 K. Microstructure of such coatings consists of aluminium matrix with embedded coarse grains of l-AlCrFe phase (Fig. 4) . Analysis of XRD patterns in Fig. 3 testifies that just as the case of Al--Cu--Fe coatings, decreasing of substrate temperature leads to widening of diffraction peaks of approximant phase. The broadening of diffraction peaks of monoclinic phase also can be due mainly to the decreasing of crystallite of approximant phase in the coatings. A comparison of profiles of the diffraction lines of Al--Cu--Fe and Al--Cr--Fe coatings allows one to suppose that the coherent domain size of approximant AlCrFe phase decreases to nanoscale values as substrate temperature reduces below 550 K. At the same time, half-widths of diffraction peaks of Al change only slightly as substrate temperature decreases. It can be caused by the fact that the substrate temperature necessary for formation of nanostructured Al in coatings lies below 470 K because of low melting point of Al (in accordance with Movchan-Demchishin model [11] ). So, lowering of substrate temperature leads to the decreasing of grain size of approximant phase having higher melting point than one of aluminum.
Thus, the lowering of substrate temperature leads to the change of microstructure characteristics of coatings based on QC and approximant phases. The changes manifest itself by the decrease of grain size in the coatings and, in a case of Al--Cu--Fe system, by the formation of new heterogeneous structure.
Microhardness of Al--Cu--Fe coatings deposited at substrate temperatures of 940 K and 570 K was 9,2 GPa and 10,4 GPa, respectively. The microhardness in the case of heterogeneous Al--Cr--Fe coatings was found to be 5,8 . . ._6,0 GPa for both substrate temperatures of 940 K and 470 K. It should be noted that microhardness of QC Al--Cu--Fe coatings exceeds one of similar bulk QC materials produced by metallurgical method [6] .
More prominent differences in mechanical behaviour of the coatings with different microstructures are found at their cyclic loadings. Figure 5 shows typical amplitude dependencies of logarithmical decrement of substrate-coating system dð" j Þ for the QC coatings with different grain sizes at temperature of 570 K. It is seen that damping of the substrate-coating systems is noticeably higher than in the case of uncoated specimen. Taking into account the ratio of thickness of the substrate and the coating, one can suggest that the decrement of the coating material is essentially greater than that of the substrate. Of special note is that the observed damping capacity of coatings remains to be almost unchanged after long-term cyclic loadings at elevated temperatures and multiple heating-cooling cycles. It is seen, that coatings with submicron-sized grains exhibit close values of logarithmical decrement. However, the total logarithmical decrement of substrate-coating system essentially increases as the grain size in QC coating decreases to nanoscale values (Fig. 5) .
Such behavior testifies that the mechanism of microplastic flow and damping in the QCs changes with decreasing of the grain size. Taking into consideration that decreasing of the grain size in materials leads to an increase of grain-boundary density, one can suppose that grain-boundary processes play the dominant role in energy dissipation in nanoQC-based materials (e.g., generation and motion of grain-boundary dislocations, accumulation of phason defects on grain boundaries, etc.). It is interesting to note, that intrinsic logarithmic decrement of Al--Cr--Fe coatings deposited at substrate temperature below 570 K is higher than that of nanostructured QC Al--Cu--Fe coatings (Fig. 6) . Such behaviour can be caused by additional contribution of dislocation mechanism of damping in the aluminum matrix of Al--Cr--Fe coating. At the same time, as in the case of Al--Cu--Fe coating, the damping of Al--Cr--Fe coatings is found to decrease as the grain size of approximant phase increase (not shown).
It has been reported [12] also that stainless steel sample coated by plasma-sprayed QC AlCuFeCr coating exhibits a notable improvement in damping capacity as compared with that of uncoated sample. Using the results of our study, one can suppose that the noticeable damping capacity of the coating occurs due to small grain size of QC phase in the sprayed QC AlCuFeCr coatings.
Thus, a modification of grain size of QCs and approximants by using different methods of preparation of QC coatings (e.g., PVD [5, 13, 14] and plasma spraying methods [15] ) enables one to open new possibilities for applications of materials with QC and approximant structures.
Taking into account the high damping of the consolidated nanostructured materials based on QC or approximant phases over a wide range of strain amplitudes, as well as its good mechanical and chemical properties (high hardness, good corrosion resistance, etc.), one can suggest that such materials are good candidates to be used as protective coatings for elements subjected to cyclic loadings at elevated temperatures and/or in corrosive medium.
Conclusions
It is shown that the deposition of Al--Cu--Fe and Al--Cr--Fe coatings at substrate temperatures below approximately 570 K leads to the formation of nanostructured QC or approximant phases.
It is established that decreasing of the grain size in QCs to nanoscale values leads to a significant increase of their damping capacity at elevated temperatures. Such behavior is supposed to be related to a change of the mechanism of energy dissipation in these materials.
